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Summary
The Mre11 complex (consisting of MRE11, RAD50, and
NBS1/Xrs2) is required for double-strand break (DSB)
formation, processing, and checkpoint signaling dur-
ingmeiotic cell division inS. cerevisiae [1–8].Whereas
studies of Mre11 complex mutants in S. pombe and A.
thaliana indicate that the complex has other essential
meiotic roles [9–11], relatively little is known regarding
the functions of the complex downstream of meiotic
break formation and processing or its role in meiosis
in higher eukaryotes. We analyzed meiotic events in
mice harboring hypomorphic Mre11 and Nbs1 muta-
tions which, unlike null mutants, support viability
[12–16]. Our studies revealed defects in the temporal
progression of meiotic prophase, incomplete and ab-
errant synapsis of homologous chromosomes, persis-
tence of strand exchange proteins, and alterations
in both the frequency and placement of MLH1 foci, a
marker of crossovers. A unique sex-dependent effect
on MLH1 foci and chiasmata numbers was observed:
males exhibited an increase and females a decrease
in recombination levels. Thus, our findings implicate
theMre11 complex inmeiotic DNA repair and synapsis
in mammals and indicate that the complex may con-
tribute to the establishment of normal sex-specific
differences in meiosis.
Results
Disruption of Temporal Progression and Synapsis
in Meiocytes from Mre11 Complex Mutants
Although histological examination of testis morphology
from Mre11 complex hyomorphs indicated that meiogen-
esis was not grossly disturbed (see Figure S1 in the Sup-
plemental Data available online), subfertility in the mu-
tants [12, 13] was consistent with the hypothesis that
Mre11 complex hypomorphism causes perturbations in
meiosis. To assess meiotic progression, we determined
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4 These authors contributed equally to this work.the distribution of meiotic prophase substages in mu-
tants relative to controls. Oocytes enter meiosis and
progress through prophase in a semisynchronous
wave during fetal development. Examination of oocytes
from Mre11ATLD1/ATLD1 and Nbs1DB/DB females at 17.5–
18.5 days of gestation revealed a significant difference
in prophase distribution by comparison with control lit-
termates (Figures S2A and S2B; Mre11ATLD1/ATLD1 c2 =
122.7, p < 0.0001; Nbs1DB/DB c2 = 49.4, p < 0.0001). For
both mutants, more than 50% of oocytes were at zygo-
tene, whereas fewer than 15% of oocytes from controls
remained at zygotene, with the vast majority progressing
to pachytene or beyond (for a description of meiotic pro-
phase stages, see Supplemental Experimental Proce-
dures). The paucity of later stages in mutants suggests
meiotic delay or arrest at zygotene, the stage in which
DSBs are processed and strand exchange intermediates
are formed.
Temporal disturbances in meiotic progression were
also observed in adult male Mre11 complex hypo-
morphs. Mre11ATLD1/ATLD1 males exhibited an increase
in the proportion of pachytene cells, from 40% in controls
to 68% in mutants (Figure S2C; c2 = 109.5, p < 0.0001).
Nbs1DB/DB males exhibited a slight but statistically sig-
nificant increase in the proportion of zygotene cells,
from 13% in controls to 20% in mutants (Figure S2D).
Examination of zygotene and pachytene cells from
Mre11ATLD1/ATLD1 females (Nbs1DB/DB females were not
further examined) and Mre11ATLD1/ATLD1 and Nbs1DB/DB
males revealed defects in homologous chromosome
synapsis. In Mre11ATLD1/ATLD1 females and males, syn-
aptic defects were evident in 67% (85/126) and 38%
(51/134) of pachytene cells, respectively, whereas only
16% (20/123) of control oocytes and 3% (2/68) of control
spermatocytes exhibited defects (females: c2 = 50.9,
p < 0.0001; males:c2 = 28.7, p < 0.0001). The most common
aberration in mutant females was partial synapsis of 1 to
3 bivalents (Figure 1A) in cells classified as pachytene;
in addition to incomplete synapsis, males commonly
exhibited fragmented (Figure 1C) or gapped SCs.
A significant subset of pachytene cells in
Mre11ATLD1/ATLD1 mice of both sexes exhibited end-to-
end associations between the SCs of nonhomologous
chromosomes. In females, associations often involved
three or more SCs in a ‘‘pinwheel’’ configuration (19/
119 cells versus 3/101 cells in controls, c2 = 10.2, p <
0.01; Figures 1D and 1E) and occurred exclusively at
the centromere-proximal ends of SCs (identifiable by in-
tense centromeric heterochromatin staining; Figure 1E).
Because no associations involved distal telomeres, the
data do not support the interpretation that these associ-
ations result from telomere dysfunction. In males, asso-
ciations between the X chomosome and autosomal
SCs were occasionally observed (Figure 1F) and, like fe-
males, involved the centromeric ends of chromosomes.
Nbs1DB/DB males exhibited less severe synaptic
aberrations. Nevertheless, 45% (20/44) of cells at the
zygotene-pachytene boundary contained an asynaptic
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374Figure 1. SC Assembly Defects in Prophase Meiocytes from Mre11 Complex Hypomorphic Mice
Pachytene cells fromMre11ATLD1/ATLD1 mice exhibit incomplete synapsis (oocyte, [A], arrow), fragmented SCs (spermatocyte, [C], arrow), and SC
end associations (oocyte, [D, E]; spermatocyte, [F], arrow). An example of a mutant spermatocyte with normal SC morphology is shown in (B). SC
associations result in many overlapping telomere signals ([D], green) and occur at the centromeric ends of SCs ([E], blue). Spermatocytes from
Nbs1DB/DB mice exhibit asynapsis in late prophase ([G], auto, indicates autosomal asynapsis; arrow, XY bivalent).bivalent, while all other bivalents were completely syn-
apsed (Figure 1G). In contrast, only 12% (5/39) of simi-
larly staged nuclei from control mice contained a single
asynaptic bivalent (c2 = 10.5, p < 0.01).
Altered Repair of DSBs in Mre11 Complex Mutants
Temporal changes in progression and synaptic aberra-
tions in Mre11 complex hypomorphs suggest significant
DSB repair defects. Therefore, we assessed localization
patterns of RAD51, an evolutionarily conserved RecA
protein required for strand exchange during meiotic
DSB repair (see [17, 18–21]). In normal mice, the number
of RAD51 foci peaks in leptotene and early zygotene,
declining to only a few foci as cells progress to late
pachytene and DSBs are resolved [18, 22–24].
We found no difference between Mre11ATLD1/ATLD1 fe-
male mice and controls in the number of RAD51 foci atearly prophase stages (data not shown), suggesting
that the frequency of DSB formation is not significantly
altered. However, the mean number of RAD51 foci in
pachytene oocytes was significantly increased in mu-
tants (Table S1; U = 1381.0; p < 0.0001). A change in
localization pattern was also observed: typically a few
RAD51 foci were scattered across all bivalents in con-
trols, whereas mutants exhibited a large number of
foci restricted to several SCs (Figures 2A and 2B), giving
these bivalents a ‘‘hot’’ appearance. Hot SCs were not
necessarily those with synaptic aberrations, as would
be expected if these bivalents were temporally out of
synchrony with the rest of the cell. Additionally, phos-
phorylated histone gH2AX (a marker of DSBs; [25]) colo-
calized to lingering RAD51 foci in mutant oocytes (Fig-
ures 2B and 2C), suggesting that these are sites of
unrepaired breaks. Specifically, 92 of 93 SCs with 5 or
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375Figure 2. Persistent RAD51 Localization in Mre11ATLD1/ATLD1 Mice
Relative to controls (wild-type oocyte, [A]; wild-type spermatocyte, [D], XY bivalent indicated by arrow), pachytene meiocytes from
Mre11ATLD1/ATLD1 mice exhibit prolonged localization of RAD51 foci (mutant oocyte, [B]; mutant spermatocyte, [E]). Persistent RAD51 foci
colocalize with gH2AX ([C], same spread as in [B], but overlayed with gH2AX, blue).more RAD51 foci (‘‘hot SCs’’) also recruited gH2AX. We
observed no evidence of nonhomologous synapsis or
exchange, so we do not favor the interpretation that
hot SCs represent nonhomologous synapsis.
Persistent RAD51 foci were also evident in spermato-
cytes from Mre11ATLD1/ATLD1 males at late pachytene,
resulting in an approximate 2.5-fold increase in the
mean number of foci (Table S1; U = 315.5; p < 0.05). Ad-
ditionally, these foci were detected on autosomal SCs,
rather than restricted to the XY bivalent as in controls
(Figures 2D and 2E). Further, occasional RAD51 foci per-
sisted in some cells at the diplotene stage (data not
shown).
Nbs1DB/DB males did not exhibit gross changes in
RAD51 foci localization during early prophase. There
was, however, a slight, albeit nonsignificant, increase
in the proportion of pachytene cells with 1 or 2 remain-
ing RAD51 foci (data not shown), suggesting a similar,
though less severe, defect in repair kinetics in this
mutant.
Altered Crossover Formation in Mre11 Complex
Hypomorphs
The temporal disruption in RAD51 localization raised the
possibility of downstream consequences in the recom-
bination pathway, including abnormalities in crossover
formation. MLH1 is a MutL family protein required for
crossover formation and is commonly used as a marker
of exchanges [26–28]. In Mre11ATLD1/ATLD1 females,
counts of MLH1 foci in pachytene cells exhibiting com-
plete or nearly complete synapsis revealed a significantdecrease in mean foci number (Table 1; t = 5.6, p <
0.0001). In contrast, the average number of MLH1 foci
in Mre11ATLD1/ATLD1 and Nbs1DB/DB males was signifi-
cantly increased (Table 1; t = 4.0, p < 0.0001 and t = 4.3;
p < 0.0001, respectively).
To further characterize MLH1 patterns in males, the
location of foci on single-exchange bivalents was exam-
ined. A significant increase in centromere-proximal foci
was observed in Mre11 mutants, with a concomitant
decrease in the frequency of foci in the most distal seg-
ment of the chromosome (Figure 3; c2 = 20.3, p < 0.005),
the preferred region of exchange in wild-type males
[29, 30].
To verify the MLH1 data, we analyzed chiasmata in dia-
kinesis meiocytes from Mre11ATLD1/ATLD1 mice. In both
sexes, the results paralleled the findings of the MLH1
studies. Mre11ATLD1/ATLD1 females showed a significant
decrease in chiasmata (25.1 6 2.7 versus 27.9 6 3.2 in
Table 1. Average Number of MLH1 Foci in Pachytene-Stage
Meiocytes from Mre11ATLD1/ATLD1 and Nbs1DB/DB Mutant and
Control Mice
Sex Genotype
Mean # of
MLH1 Foci (SD)
Sample
Size
Number of
Animals
Female Mre11+/+ 29.2 (4.3) 62 3
Female Mre11ATLD1/ATLD1 24.9 (2.9) 40 5
Male Mre11+/+ 24.3 (2.3) 53 2
Male Mre11ATLD1/ATLD1 26.1 (2.9) 116 5
Male Nbs1+/+ 23.3 (2.3) 66 2
Male Nbs1DB/DB 25.1 (2.3) 55 2
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376Figure 3. A Change in the Position of MLH1
Foci Occurs in Mre11ATLD1/ATLD1 Spermato-
cytes
The location of foci relative to the centromere
of single exchange bivalents was determined
for Mre11ATLD1/ATLD1 mutants in comparison
to wild-type mice. The resultant distributions
from individual animals are arrayed horizon-
tally along the x axis, with percent of single
exchange bivalents scored represented by
height of symbol relative to the y axis. Gray
diamonds, wild-type males; open black trian-
gles, Mre11ATLD1/ATLD1 males.controls, t = 3.9, p < 0.01), and males showed a slight, al-
though nonsignificant, increase in chiasmata (23.36 2.2
versus 22.96 1.6 in controls). Failure to achieve statisti-
cal significance likely stems from the small number of
cells analyzed (technical difficulty prevented obtaining
good-quality diakinesis preparations from spermato-
cytes, also prohibiting analysis of chiasmata location).
Additionally, we observed an increase in the frequency
of univalents, presumably reflecting defects in synapsis
or repair.
Discussion
During the past decade, the phenotypes of knockouts
of a variety of meiotic genes (e.g., meiosis-specific co-
hesins, SC components, and DSB-associated genes)
have been reported. A common theme has emerged:
synapsis and recombination are codependent pro-
cesses, and mutations in one pathway disturb the other
(reviewed in [31]). Consistent with this, we observed de-
fects in synapsis and persistent RAD51 foci in late pro-
phase in Mre11 complex hypomorphs. However, these
mutants also exhibit several unusual meiotic defects, in-
cluding associations between multiple nonhomolgous
SCs and sexually dimorphic effects on crossover forma-
tion, indicating novel activities of the complex during the
early stages of mammalian meiosis.
Associations between SCs Suggest Defects
in the Early Events of Chromosome Pairing
Studies in both yeast and mammals indicate that the
earliest events of meiotic recombination set the stage
for the subsequent processes of synapsis and crossing
over [25, 32, 33]. We found that in the absence of a fully
functional Mre11 complex, synapsis was often incom-
plete or abnormal and frequently involved associations
between nonhomologous chromosomes. Early chromo-
some movements that result in telomere clustering on
the nuclear envelope in a ‘‘bouquet’’ are thought torepresent a chromosomal reorganization that facilitates
homolog synapsis (reviewed by [34, 35]). Intriguingly,
all of the end-to-end associations in mutants were
restricted to the centromeric ends of chromosomes. Al-
though the role of centromeres in this process remains
unknown, this finding suggests that Mre11 complex hy-
pomorphism impedes proper chromosome interactions
in early prophase.
Persistence of RAD51 Foci in Pachytene:
Evidence of Aberrant Repair
The persistence of strand exchange intermediates ob-
served in both male and female mutants likely reflects
alterations in the kinetics of repair. This could be due
to a reduction in the rate of DSB processing or an in-
crease in the time required to achieve strand exchange
and synapsis. Based on the meiotic DSB-processing
activities of the complex in S. cerevisiae, its requirement
for meiotic DSB repair in A. thaliana and S. pombe, and
its proposed structural activity in bridging DSB ends or
sister chromatids [36–38], both are plausible explana-
tions for the persistent strand-exchange phenotype we
observed.
Regardless of the underlying mechanism, the most
striking feature of the RAD51 studies is that a number
of cells were judged to be at mid- to late pachytene on
the basis of SC morphology and yet exhibited high num-
bers of RAD51 foci. Therefore, despite the presence of
unrepaired DNA, homologs were able to synapse nor-
mally. This does not mean that the Mre11 complex is ir-
relevant to synapsis, since mutants exhibited significant
increases in synaptic defects. Rather, it suggests that, at
least in some cells, the synaptic process is uncoupled
from DSB repair.
The Mre11 Complex and Crossovers: A Reversal
of Sex-Specific Recombination Patterns
The number and position of crossovers are tightly regu-
lated in eukaryotes. Although the mechanism of this
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377control is not well understood, a number of factors ap-
pear influential, including DSB distribution, chromatin
configuration, and DNA sequence (reviewed by [39–
41]). Our results provide strong evidence that the
Mre11 complex participates in this process, with
changes in crossover frequency and MLH1 distribution
apparent in both Mre11ATLD1/ATLD1 and Nbs1DB/DB ani-
mals. Further, the nature of the alterations was unusual
in at least two respects. First, in mutant males, exchange
events were significantly more frequent than in controls;
this is in sharp contrast to previously described meiotic
mutations that affect recombination, because virtually
all of these involve reductions in recombination [27,
42–44]. Second, the pattern of alterations differed mark-
edly between the sexes, with mutant females exhibiting
a decrease in the number of exchanges. As a result,
the normal male:female recombination patterns (re-
viewed in [45]) were reversed, with higher levels in
Mre11ATLD1/ATLD1 males than in Mre11ATLD1/ATLD1
females.
Given the essential role of the Mre11 complex in so-
matic cells, complete elucidation of its meiotic role in
mammals must await the production of conditional null
alleles. In the interim, however, the meiotic phenotype
of Mre11 complex hypomorphs suggests a surprising
role in establishment of crossovers. Although defects
in DSB repair or changes in the kinetics of repair may in-
directly account for the observed changes in crossover
formation, we favor a more direct role for the complex in
this process. We postulate that the complex contributes
to the normal variation in recombination levels between
the sexes, possibly via dimorphic associations with
chromatin at early prophase stages.
Supplemental Data
Supplemental Data include two figures, one table, and Experimental
Procedures and can be found with this article online at http://www.
current-biology.com/cgi/content/full/17/4/373/DC1/.
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